Breast cancer development is a complex pathobiological process involving sequential genetic alterations in normal epithelial cells that results in uncontrolled growth in a permissive microenvironment. Accordingly, physiologically relevant models of human breast cancer that recapitulate these events are needed to study cancer biology and evaluate therapeutic agents. Here, we report the generation and utilization of the human breast cancer in mouse (HIM) model, which is composed of genetically engineered primary human breast epithelial organoids and activated human breast stromal cells. By using this approach, we have defined key genetic events required to drive the development of human preneoplastic lesions as well as invasive adenocarcinomas that are histologically similar to those in patients. Tumor development in the HIM model proceeds through defined histological stages of hyperplasia, DCIS to invasive carcinoma. Moreover, HIM tumors display characteristic responses to targeted therapies, such as HER2 inhibitors, further validating the utility of these models in preclinical compound testing. The HIM model is an experimentally tractable human in vivo system that holds great potential for advancing our basic understanding of cancer biology and for the discovery and testing of targeted therapies.
Dissecting genetic requirements of human breast tumorigenesis in a tissue transgenic model of human breast cancer in mice
Breast cancer development is a complex pathobiological process involving sequential genetic alterations in normal epithelial cells that results in uncontrolled growth in a permissive microenvironment. Accordingly, physiologically relevant models of human breast cancer that recapitulate these events are needed to study cancer biology and evaluate therapeutic agents. Here, we report the generation and utilization of the human breast cancer in mouse (HIM) model, which is composed of genetically engineered primary human breast epithelial organoids and activated human breast stromal cells. By using this approach, we have defined key genetic events required to drive the development of human preneoplastic lesions as well as invasive adenocarcinomas that are histologically similar to those in patients. Tumor development in the HIM model proceeds through defined histological stages of hyperplasia, DCIS to invasive carcinoma. Moreover, HIM tumors display characteristic responses to targeted therapies, such as HER2 inhibitors, further validating the utility of these models in preclinical compound testing. The HIM model is an experimentally tractable human in vivo system that holds great potential for advancing our basic understanding of cancer biology and for the discovery and testing of targeted therapies.
cancer model ͉ human in mouse ͉ tissue reconstitution T umor development results from the sequential acquisition of multiple genetic and/or epigenetic lesions (http://cgap.nci.nih-.gov and www.sanger.ac.uk/) (1) (2) (3) . This complex, pathobiological process is also influenced profoundly by the tumor's ability to co-opt tissue stromal components, such as endothelium, hematopoietic cells, fibroblasts, and microphages (4) . The ability to model this genetic and biological complexity in an in vivo tissue context would greatly enable the understanding of mechanisms underlying cancer initiation, progression, and invasion, as well as the assessment of the impact of specific combinations of genetic alterations on response to conventional and targeted drugs.
Human breast cancer cell line-derived xenografts have long served as the in vivo models of choice for studying the mechanisms that drive the tumorigenesis process and for evaluating preclinical experimental therapeutics (5) . Considerable debate has surrounded the utility and relevance of such culture-adapted cell line models. The limited genetic representation of these lines and the acquisition of genetic aberrations during long-term growth in cell culture (6) are thought to contribute to the inadequate nature of these preclinical xenograft models in predicting the effectiveness of anticancer agents in clinical trials (7) . Moreover, such cell culture systems are maintained under nonphysiological conditions, which may have an impact on the genetic alterations necessary for transformation. In addition, transformation in vitro failed to audit the complex evolutionary process of tumor development involving the heterotypical interactions between cancer cells and tissue stromal components.
To address the challenges of existing human breast cancer models, we established a humanized in vivo model system in which primary human breast epithelial organoids are engineered with a variety of oncogenes and are then introduced along with immortalized human breast fibroblasts into cleared mammary fat pads to reconstitute genetically altered human breast tissue. By using this model system, we have defined key molecular genetic events required to drive the development of human preneoplastic lesions as well as human breast adenocarcinoma in vivo.
Results

Overexpression of p53sh/HER2 or p53sh/KRAS Creates Ductal hyperplasia and Carcinoma in Situ in Reconstituted Human Breast Tissues.
Previous work has demonstrated that normal human breast tissue can be reconstituted in mice by implanting human breast fibroblasts along with epithelial organoids isolated directly from human reduction mammoplasty tissue (8, 9) . The reconstituted human breast tissue typically filled up 5-20% of the mammary fat pad. By employing this tissue recombinant system and a lentiviral gene transduction system ( Fig. S1) , we assessed the in vivo biological consequences of specific genetic alterations in the reconstituted human breast tissue. As a starting point, we tested the effects of combining p53 knockdown (targeted in 30-60% of breast cancers) (2) with overexpression of either the NEU/HER2/ ERBB2 oncogene (amplified in Ϸ30% of breast cancers and correlated with poor prognosis) (10) or activated RAS family genes (overexpressed in as many as 67% of breast cancers) (11) . Accordingly, human breast epithelial organoids from 1 patient were transduced with a bicistronic modified lentivirus encoding a p53 shRNA (12) in addition to either HER2 V659E (p53sh/HER2) or KRAS G12V and GFP (p53sh/KRAS/GFP). Infected organoids were implanted, along with immortalized human breast fibroblasts (RMF-HGF; fibroblasts with enforced HGF expression) into cleared and humanized mouse mammary fat pads (n ϭ 40 for each genetic combination).
No visible tumors developed over the observation period of up to 12 months after implantation. Tissue recombinants were collected at various time points (spanning 1-10 months after implantation) and subjected to histopathologic analysis (Fig. 1A  and Table S1 ). Both normal and hyperplastic outgrowths were observed in all of the tissue recombinants examined (n ϭ 16 for p53sh/KRAS/GFP tissue recombinants and n ϭ 24 for the p53sh/HER2 tissue recombinants; Fig. 1 A i-vi) . Histopathological analysis confirmed characteristic normal and hyperplastic human breast ductal architecture in both p53sh/KRAS/GF and p53sh/HER2 tissue recombinants. Lumen formation, basal localized myoepithelial cells, and the presence of multiple layers of luminal cells in the ducts were all evident in the hyperplastic outgrowths, mirroring precisely the histopathologic features of premalignant changes in humans.
In addition to the normal and hyperplastic outgrowths, carcinoma in situ (CIS) was observed in 12% (3 of 24) of the p53sh/HER2 tissue recombinants ( Fig. 1 A vii-ix) . These CIS lesions exhibited histological features that are characteristic of human breast ductal carcinoma in situ (DCIS), presenting as complete lumen filling of monotonous aggregates of large atypical epithelial cells that stained positive for cytokeratin and HER2/neu. The uniform rim of ␣SMA-positive myoepithelial cells located in the basal layer confirmed the intraductal nature of these CIS lesions. This result is consistent with the prominent biological role of HER2 in human breast cancer pathogenesis, and it gains added significance in that HER2 overexpression is detected in 60-70% of human DCIS specimens (13, 14) .
To determine the reproducibility of the results, we generated the p53sh/HER2 and the p53sh/KRAS/GFP tissue recombinants 2 more times by using organoids from 2 additional patients [donor 1 (n ϭ 17 for each genetic combination) and donor 2 (n ϭ 16 for each genetic combination)]. No visible tumors developed from any of the tissue recombinants. Together, these observations demonstrated that this tissue recombinant system, composed of relevant genetic and cellular components, can readily yield early-stage lesions with classical features of the human disease.
HER2/SV40er or KRAS/SV40er Leads to Rapid Onset of Basal-like
Invasive Carcinomas in Vivo. Despite the successes in re-creating early premalignant breast lesions in vivo, there was a notable lack of tumor development in all of the p53sh/KRAS/GFP or p53sh/ HER2 breast tissue recombinants; this is in contrast to transgenic mouse models in which overexpression of an activated HER2 oncogene produces a highly penetrant breast cancer phenotype (15) . These observations raised the possibility that additional genetic events are required to generate advanced disease in the human system. To address this notion, we replaced p53 shRNA with the SV40 early region (SV40er), which encodes for the Large T (LT) and small t (st) antigens to simultaneously disrupt the p53, RB, and PP2A/PI3K pathways (16) .
Epithelial organoids from donor 1 were transduced with HER2 V659E and SV40er (HER2/SV40er; n ϭ 10; Table 1 , experiment set A), KRAS G12V and SV40er (KRAS/SV40er), or SV40er alone (SV40er) and were used as donor epithelium to generate human breast tissue recombinants in mice. With the introduction of additional genetic alterations provided by SV40er, tumors developed in all of the HER2/SV40er and KRAS/SV40er tissue recombinants (n ϭ 10 each). Tumors became palpable as early as 5 weeks after implantation. As a negative control, no tumors were observed in the SV40er tissue recombinants (n ϭ 10) over a 6-month observation period. Therefore, the genetic combinations of HER2/ SV40er and KRAS/SV40er, but not SV40er alone, were capable of efficiently transforming primary human breast organoids in vivo.
Histological examination of the HER2/SV40er and KRAS/ SV40er tumors revealed poorly differentiated invasive carcino- mas with anaplastic features (Fig. 1B and Fig. S2 ). The invasive growth pattern of nests and islands of tumor cells as well as the considerable cellular pleomorphisms are characteristic of highly malignant disease in breast cancer patients (Fig. S3 ). These anaplastic HER2/SV40er and KRAS/SV40er tumor cells expressed cytokeratins, confirming their epithelial cell origin (Fig.  1B) . Furthermore, IHC and RNA in situ hybridization analyses confirmed that these tumors were derived from human breast epithelial cells transduced with HER2 and SV40er (HER2/ SV40er) or KRAS and SV40er (KRAS/SV40er). Finally, the tumors contained prominent areas of stromal desmoplasia, a feature present in many human breast carcinomas (Fig. S4 ).
GFP/HER2
To further assess the molecular characteristics of the human breast tumors generated, IHC analysis was performed using clinically relevant markers to determine tumor subtype (Fig. S5 ). Both the KRAS/SV40er and the HER2/SV40er tumors were negative for estrogen receptor (ER) and progensterone receptor (PR). In addition, the KRAS/SV40er tumors were positive for cytokeratin 5/6 and p63 and negative for HER2, exhibiting typical features of basal-like breast cancers in human (ER Ϫ /PR Ϫ /HER2 Ϫ /CK5/6 ϩ / p63 ϩ ). Although HER2/SV40er tumors also exhibited a similar IHC expression pattern of basal-type human breast cancer (ER Ϫ /PR Ϫ / CK5/6 ϩ /p63 ϩ ), they were HER2-positive, resembling basal-HER2 subgroup of human breast cancer (
Because lentiviral gene transfer was used in this model system, it is conceivable that HER2/SV40er and KRAS/SV40er tumors developed as a consequence of a random positional effect of lentiviral integration into the human genome. However, the epithelial organoids used in generating the p53sh/HER2 or p53sh/KRAS/GFP models are from the same donor patient as the ones used in HER2/SV40er and KRAS/SV40er models. Therefore, it is unlikely that positional effect contributed to the tumor development in those models.
In Kuperwasser et al. (8), spontaneous carcinomas developed from 1 of 10 mammoplasty specimens without any genetic modification, a result that authors noted could not be reproduced with materials from the same patient. Preexisting genetic/epigenetic changes in a subpopulation of the donor organoids is likely a factor contributing to tumor development in the first case. To determine the effect of different donor material on tumor development, we repeated the HER2/SV40er model by using epithelial organoids obtained from 4 additional patient samples (donors 2-5; Table 1 , experiment sets C, D, E, and F). As a positive control, HER2/SV40er tissue reconstitution was repeated using organoids from donor 1 (n ϭ 4; Table 1 , experiment set B). Tumors developed from all 4 of the patient donor epithelia, with similar kinetics and at similar frequencies as those from the original patient sample, donor 1. Together, these findings establish that the HER2/SV40er and KRAS/ SV40er genetic combinations can drive efficient transformation of normal human breast epithelial cells into highly aggressive invasive carcinomas in vivo.
To further verify the tumorigenic potential of the HIM tumors, cancer cells were isolated from 6 primary HER2/SV40er tumors and 6 primary KRAS/SV40er tumors and reinjected into humanized fat pads of recipient mice. Tumors developed from both HER2/SV40er and KRAS/SV40er cancer cells, demonstrating their full malignant transformation (Table S2) .
Breast tumors represent highly complex tissue systems wherein poorly defined, yet critical, heterotypic interactions take place between tumor cells and their microenvironment (10) . To assess the influence of various stromal fibroblasts on tumor development, we reconstituted breast tissue recombinants with HER2/SV40er-transduced organoids either alone or together with various human breast stromal fibroblasts (Table 1) . Consistent with previous experiments, tumors were efficiently generated from tissue recombinants when the HER2/SV40er organoids were comixed with immortalized fibroblasts, RMFs with or without enforced expression of HGF (RMF-HGF vs. RMF-EG in Table 1 , experiment sets A, B, and G). In contrast, tumor development was rarely observed when the same HER2/ SV40er organoids were implanted either alone or comixed with normal primary fibroblasts derived from 2 different patient samples (Table 1 , experiment sets H, I, and J). Consistent with previous studies, our results demonstrate that specific stromal properties can dramatically influence the tumorigenic potential of oncogenically primed human breast tissue in vivo (4).
Signature Breast Cancer Genes-p53R175H/CCND1/PI3K/KRAS-Drive
the Development of Human Low-Grade Breast Adenocarcinoma. Although SV40er has been used extensively to transform human cells, it is not considered to play a pathogenetic role in spontaneous human breast cancer in the clinic. We therefore selected a specific set of oncogenes that are implicated in the etiology of human breast cancer and target the pathways that are known to be affected by SV40er (16) . In humans, more than 40% of breast cancers exhibit overexpression of cyclin D1 (CCND1), which inhibits RB activity (3); 30-60% harbor mutations of p53 (2); and 20-40% of breast cancers carry mutations of PIK3CA (1). We therefore chose to target both RB and p53 pathways through overexpression of CCND1 and a point mutant allele of p53 (p53R175H). In addition, we targeted the PI3K pathway by overexpressing a constitutively active form of PIK3CA.
Human breast epithelial organoids from patient no. 1 (donor 1) were transduced with KRAS/p53R175H/CCND1/PIK3CA and reconstituted into a total of 20 murine mammary glands. Compared with HER2/SV40er and KRAS/SV40er models, tumor latency in this model was, on average, longer and displayed more variability. Between 2 and 9 months after implantation, tumors developed in 90% (18 of 20) of the tissue recombinants (Fig. 1C) . These tumors presented as invasive ductal adenocarcinomas that were highly reminiscent of spontaneous, invasive, low-grade human breast ductal adenocarcinoma in humans. IHC performed on tumor sections verified that the cancer cells were of epithelial cell origin and expressed p53R175H. These tumors also displayed prominent areas of stromal desmoplasia, and the adjacent fibroblasts expressed ␣SMA. Similar to the KRAS/ SV40er tumors, IHC revealed that the KRAS/p53R175H/CCND1/ PIK3CA tumors did not express ER/PR or HER2, but were positive for cytokeratin 5/6 and p63 (ER Ϫ /PR Ϫ /HER2 Ϫ /CK5/ 6 ϩ /p63 ϩ ), indicative of basal-like breast cancers (Fig. S5) . Stable integration of all of the lentiviral genes (p53R175H, CCND1, PIK3CA, and KRAS) and expression of those integrated genes were confirmed by genomic PCR and RT-PCR analyses (Fig. S6) .
To test the reproducibility of the KRAS/p53R175H/CCND1/ PIK3CA genetic combination and to evaluate the potential contribution of preexisting genetic changes in donor material, human breast epithelial organoids from a different patient (Fig. 2) . Although the donor breast epithelial organoid lysates possessed barely detectable levels of telomerase, both HER2/SV40er and KRAS/SV40er primary tumor lysates exhibited telomerase activity levels comparable to those of HCT116 and HEK293T human cancer cell lines (19) . In addition, high telomerase activity was maintained throughout propagation of the primary tumors. Therefore, HIM tumors exhibited high telomerase activity without enforced transduction of hTERT. This observation is intriguing in light of the well-established requirement for enforced hTERT in the transformation of cultured human cells, a difference that may reflect the presence of antioncogenic stresses in cell culture and/or in vivo factors capable of driving robust activation of hTERT gene expression.
Tumor Development Progresses Through Distinct Stages. Analysis across many human breast cancer specimens points to a clear disease evolution process defined by distinct histopathological stages; thus, the creation of a model system that captures the natural developmental history of this disease would facilitate the study of breast cancer on many levels. To assess the extent in which the HIM model recapitulates human disease progression in vivo, we monitored outgrowth development in the HER2/SV40er tissue recombinants over time. Six reconstituted breast tissues were collected at each time point on days 7, 10, 17, 25, 35, and 45 after implantation and subjected to histopathological analysis. On day 7 after implantation, the organoids were still undergoing remodeling to form human breast acini, which by day 10 after implantation had matured to the stage of lumen formation and primitive ductal outgrowth (Fig. 3A i-iii) . Immunohistochemistry on cross-sections for HER2 and SV40 LT expression revealed that HER2 ϩ organoids and SV40er ϩ organoids participated in the formation of histologically normal human breast acini. There were noticeably more SV40er ϩ epithelial cells than HER2 ϩ or double-stained HER2 ϩ /SV40er ϩ cells. This may be the result of the higher titer of the SV40er lentiviruses used to infect human breast organoids prior to injection. Nonetheless, HER2
ϩ / SV40er ϩ acini/hyperplasia were readily detectable in those glands. By day 17 after infection, DCIS-like outgrowths from breast tissue recombinants became readily detectable (Fig. 3A  iv-vi) . These structures consisted of more than 5 layers of relatively uniform epithelial cells filling the ductal lumen and exhibiting features of nuclear atypia, and sometimes central necrosis, while maintaining a prominent basement membrane. By day 35 after infection, invasive carcinomas became the prominent outgrowth in the tissue recombinants (Fig. 3A vii-ix) . All of the DCIS and invasive lesions stained positive for both At day 7 after implantation, only normal and hyperplastic outgrowth was observed. DCIS began to emerge at day 10 after implantation, and it became more abundant at days 17 and 25 after implantation. Invasive carcinoma emerged at day 25 after implantation, at which point the lesion grew rapidly, such that by day 47 after implantation, the invasive area took over the majority of the gland area. (C) Distribution of lesion type as a function of age. DCIS outgrowth was most frequently detected between days 17 and 25 after implantation (p.i.), whereas invasive carcinoma was most frequently observed after day 35 after implantation.
HER2 and SV40er expression, indicating they were indeed derived from the infected organoids. To quantify the frequency of different subtypes of breast tissue outgrowth over time, 3 to 6 cross-sections for each of the total 36 tissue recombinants in this study were stained with H&E and were subjected to blinded histopathological examination. Tumor progression was quantified by counting the percent epithelial area for each lesion type in the tissue recombinants over time ( Fig. 3 B and C) . Normal/hyperplastic outgrowths predominated at the early observation times (days 7-10 after infection and days 17-25 after infection), and these were gradually replaced by more advanced outgrowths at later times. DCIS-like structures were most frequently detected between days 17 and 25 after infection. By day 35 after infection, invasive tumor outgrowths were the predominant outgrowth in the reconstituted human breast tissue. Collectively, these data indicate that the HIM model system recapitulates the multistep process of human breast cancer progression.
HER2/SV40er Primary Tumors Respond to both Small Molecule and
Biological HER2 Antagonists. Given the remarkable similarities between the HIM tumors and human breast cancers, we next sought to determine the utility of HIM tumors in targeted drug treatment studies. We first treated mice bearing HER2/SV40er primary human breast tissue recombinants with 2 HER2 antagonists, trastuzumab (20) or AV412 (21), for 4 days within the period during which DCIS-like/invasive cancer lesions were prominent but gross palpable tumors not yet evident (days 26-29 after infection). The treated tissue recombinants were collected 1 and 3 days following the last day of drug treatment (n ϭ 6). The anticancer effect of drug treatment was assessed directly on serial tumor tissue sections (Fig. 4Ai) . At both 1 and 3 days following treatment, both trastuzumab-and AV412-treated tumors exhibited significantly more apoptotic regions compared with tumors from mice treated with vehicle alone. Furthermore, the number of carcinoma cells expressing HER2 was reduced following treatment with either trastuzumab or AV412. The difference between treatment and control groups was quantified by measuring percent of apoptotic areas in all tissue recombinants (Fig. 4Aii) . Both trastuzumab-and AV412-treated groups exhibited a significant response to drug compared with the vehicle-treated cohort 1 and 3 days following treatment. These data show that short-course treatment schedules with 2 different anti-HER2 therapies provokes apoptosis in the HER2-driven HIM tumors, mirroring clinical observations with trastuzumab (22) . In addition, the comparable effectiveness of AV412 encourages its evaluation as a potential therapeutic agent in the treatment of breast cancers driven by HER2.
To investigate the long-term response of HIM tumors to trastuzumab, cancer cells from 2 different primary HER2/SV40er tumors (NS706R and NS553L) were propagated into new recipient mice and were treated with either trastuzumab (20 mg/kg) or control human IgG for 25 days (Fig. 4B ). Dosing of trastuzumab was then stopped at day 25, and the mice were continually monitored for an additional 2 weeks. Remarkably, all mice treated with trastuzumab showed signs of tumor regression after 1 week and no palpable tumors detectable by the end of treatment at day 25. All of the mice remained tumor-free for at least an additional 2 weeks. In contrast, due to excessive tumor burden, the experiment in which mice were treated with human IgG had to be terminated 11 days after the first dosing. Thus, the HER2-driven HIM model is responsive to trastuzumab.
Discussion
We have established a robust human breast cancer in mouse model system in which human preneoplastic lesions and advanced breast cancers can be generated in vivo from genetically engineered human breast epithelial organoids in association with an appropriate human stromal microenvironment (Table S3 ). The unique combination of genetic engineering and tissue reconstitution has enabled us to gain better understanding of mechanisms involving human breast cancer tumorigenesis.
By using the HIM model approach, we analyzed the genetic requirements for transforming human breast epithelial cells in vivo. Disruption of the p53 pathway and HER2 or KRAS oncogenic functions is not sufficient to generate human breast lesions beyond DCIS (p53sh/HER2 and p53sh/KRAS models). Development of invasive carcinoma requires additional alterations targeting the pRB and PI3K pathways, conferred by the enforced expression of either CCND1/PIK3CA or SV40er (KRAS/p53R175H/CCND1/PI3K, KRAS/SV40er and HER2/ SV40er models). Therefore, deregulation of the p53, pRB, and PI3K pathways, as well as overexpression of HER2 or KRAS oncogenes is sufficient for the development of human breast tumors in this in vivo model system.
Widespread introduction of high-quality mammography screening has caused a dramatic increase in the diagnosis of DCIS. Even though most DCISs do not progress to invasive cancer, most patients are treated with lumpectomy plus radiotherapy. Overtreatment of DCIS patients continues to be an important clinical issue (23) . One major contributing factor to this limitation is the lack of model systems that generate both low-risk and high-risk DCIS outgrowths resembling those in humans.
Despite the powerful natural selection that occurs in tumorigenesis, the DCIS in p53sh/HER2 tissue recombinants did not progress into invasive tumors, thus representing a model to study the low-risk DCIS observed in patients. On the other hand, the HER2/SV40er model yielded high-risk DCISs that readily evolved into invasive carcinoma. Molecular profiling of these different forms of DCIS outgrowth may help to define biomarkers that can identify DCIS that will develop into invasive tumors. Moreover, the ability to manipulate the genetic profile of organoids affords an opportunity to discover and validate the genetic requirements needed for progression from DCIS to invasive tumors in the p53sh/HER2 model.
Human breast cancer comprises tumors with complex histopathology and genetic changes. The HIM system mirrors this complexity in that tumors generated with different genetic combinations gave rise to invasive tumors of different histological features, ranging from well/moderately differentiated carcinoma (KRAS/p53R175H/CCND1/PIK3CA) to invasive carcinoma (HER2/SV40er and KRAS/SV40er). In addition, IHC analysis classified the KRAS/p53R175H/CCND1/PIK3CA and the KRAS/SV40er tumors as basal-type breast cancer and the HER2/SV40er tumors as the basal-HER2 subtype of human breast cancer. How those histological variations reflect somatic changes, as well as drug treatment outcome, remains to be determined.
One goal for the creation of genetically engineered human tumors is to provide a preclinical model to evaluate the efficacy of candidate therapies in breast cancer. With the increasing knowledge of specific genetic alterations in breast cancer, there is now an opportunity to correlate activity of anticancer agents with specific genetic alterations. As a preliminary proof of principle, we showed that the approved anti-HER2 antibody trastuzumab is effective at increasing apoptosis and inhibiting tumor growth of engineered HER2-expressing tumor, demonstrating that these experimental tumors exhibit a drug response modeling the clinical response of HER2 ϩ breast cancers to trastuzumab. Furthermore, the experimental small molecule HER2 antagonist AV-412 is also effective at increasing apoptosis of HER2-driven tumors, suggesting that this experimental agent may also show promise against HER2-driven breast tumors.
The ability of the HIM system to generate human tumors with defined genetic modifications, that follow the multistep tumor progression process, and whose development is strongly influenced by the specific stromal microenvironment, holds potential as an improved preclinical model system for more rigorous and accurate drug testing.
Materials and Methods
Tissues. All human breast tissue procurement for these experiments was obtained in compliance with laws and institutional guidelines as approved by the institutional review board from Brigham & Women's Hospital.
Infection and Injection of Human Breast Organoids.
Freshly isolated or freshly thawed organoids were subjected to infection with lentiviruses as described previously (SI Methods). Within 4 -18 h after the last infection, the infected organoids were injected into humanized fat pads without selection.
Constructs and Virus Production. See SI Methods for details.
Whole Mounts and IHC. Whole-mount analysis and IHC were performed as described previously (19) . Antibodies used were pan-cytokeratin (catalogue no. A0575; DAKO), ␣SMA (catalogue no. NCL-SMA; Novo Castra), HER2 (catalogue no. 2242; Cell Signaling Technology), SV40T Ag (catalogue no. sc-147; Santa Cruz Biotechnology), p53 (catalogue no. sc-6243; Santa Cruz Biotechnology), and Cleaved Caspase-3 (catalogue no. CP-229B; Biocare Medical).
Telomerase Assay. Telomerase activity was analyzed by using the PCR-based Quantitative Telomerase Detection Kit (Allied Biotech Inc.). Each tumor sample was assayed in quadruplicates.
Tumor Treatment. AV412 was resuspended in 0.5% tragacanth and dosed daily at 100 mg/kg. Trastuzumab was dosed twice a week at 20 mg/kg.
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SI Methods
Tissues and Cells. The normal breast tissues were obtained from discarded material from patients undergoing elective reduction mammoplasty. The ages of the donors used in this study were 52 years for donor 1, 34 years for donor 2, 61 years for donor 3, 47 years for donor 4, and 55 years for donor 5. The patients were not from a high-risk cohort. Immortalized human breast fibroblasts, RMF and RMF-HGF, primary human breast fibroblasts, and organoids were isolated and generated from reduction mammoplasty tissue as described previously (1).
Clearing and Humanizing Mouse Fat Pads. Immunocompromised NOD/SCID mice (Jackson Laboratory) were purchased and maintained in-house under aseptic sterile conditions. All of the animal procedures have been approved by the AVEO Institutional Animal Care and Use committee. Endogenous mouse mammary epithelium was cleared form the fourth inguinal mammary gland and humanized through injection with immortalized human breast fibroblasts (RMF or RMF-HGF) (1). One day before injection, half of the fibroblasts were treated with 2 milliunits/mL bleomycin for 30 min. On the day of injection, a 1:1 mix of bleomycin-treated fibroblasts and untreated fibroblasts was injected into the cleared fat pads at 0.5 ϫ 10 6 cells per injection site. Two weeks following humanization, epithelial cells were introduced in the glands.
Infection and Injection of Human Breast Organoids.
The medium for culturing organoids during infection was composed of 10 ng/mL human insulin, 10 g/mL human EGF, and 10 g/mL hydrocortisone. Briefly, about 50 L of organoid pellet was resuspended in 1 mL of human mammary epithelial medium (HMEM) (1) containing 10 5 to10 7 cfu lentiviruses expressing the gene of interest. The organoid/virus mixture was subjected to 1 round of infection by spinning for 90 min at 405 ϫ g. Subsequent rounds of spin infection were performed between approximately 2 and 20 h after the previous infection. Within 4-18 h after the last infection, the infected organoids were injected into humanized fat pads without selection. A total of 30-50 organoids were injected into a humanized fat pad in the presence of 0.25 ϫ 10 6 bleomycin-treated RMF-HGFs and 0.25 ϫ 10 6 nontreated RMFHGFs. The cell preparations were resuspended in a 1:1 mix of collagen-matrigel mix and injected in a volume of about 30-50 L per injection site.
Constructs and Virus Production. The p53 shRNA sequence was as described in Brummelkamp et al. (2) . A 2.7-kb SV40er DNA fragment was subcloned from the pSV3-dhfr vector (ATCC no. 37147). We obtained the KRAS G12V cDNA construct as a gift from Lynda Chin (Harvard University Medical School, Boston, MA). The HER2 cDNA used in making this construct was HER2 V659E . The accession number for wild-type HER2 cDNA is M11730. Site-directed mutagenesis was used to change amino acid residue 659 from V to E. The cDNA clone for the catalytic subunit of PI3K, PIK3CA, was purchased from Open Biosystems (catalogue no. EHS1001-1259687). Site-directed mutagenesis was used to change amino acid residue 1047 from H to R. A cyclin D1 (CCND1) cDNA clone was ordered from American Type Culture Collection (catalog no. MGC-2316). A wild-type human p53 cDNA clone was purchased from American Type Culture Collection (catalogue no. MGC-646). Site-directed mutagenesis was used to change amino acid residue 175 from R to H.
Virus constructs used in generating p53sh/KRAS/GFP and p53sh/HER2 recombined glands were pLenti-U6-p53shRNA-CMV-KRAS G12V ϩSV40-GFP and pLenti-U6-p53shRNA-CMV-HER2 V659E , separately. Constructs used in generating KRAS/ SV40er tumors were pLenti-CMV-SV40er and pLenti-CMV-KRAS G12V ϩSV40-GFP. Constructs used in generating HER2/ SV40er tumors were pLenti-CMV-SV40er and pLenti-CMV-HER2 V659E . Constructs used in generating KRAS/PIK3CA/ p53R175H/CCND1 tumors were pLenti-CMV-KRAS G12V ϩSV40-GFP, pLenti-CMV-PIK3CA-myrϩCMV-CCND1, and pLenti-CMV-p53R175H. RNA was extracted from the KRAS/p53R175H/CCND1/ PIK3CA tumors and used in standard RT-PCR to confirm expression of lentiviral construct-specific transcripts. The primer pairs were designed such that one primer was from the lentiviral vector, and the other one was from the gene to be analyzed. In this way, only transcripts from the lentiviral contructs, but not normal human genomic locus, could be amplified. Monitoring Tumor Development. HER2/SV40er human breast tissue recombinants were collected at the following time points after implantation: 7 days, 10 days, 17 days, 25 days, 35 days, and 45 days. Six tissue recombinants were collected at each time point and subjected to histopathological analysis. The human breast outgrowths were classified according to the following criteria: (i) Epithelial structures less than 5 viable cell layers thick and without marked, uniform nuclear atypia were classified as hyperplastic; (ii) Structures more than 5 layers thick with a relatively simple outline (usually circular) and most cells showing nuclear atypia were classified as DCIS; (iii) Structures with uniform nuclear atypia, more than 5 layers thick (generally), and a complex (infiltrative-appearing) outline were classified as invasive.
Tumor Treatment. Mice bearing HER2/SV40er tissue recombinants were treated for 4 days between days 26 and 29 after implantation. The treatment groups are as follows (6 tissue recombinants per group): vehicle, 100-mpk AV412, and 20-mpk trastuzumab. AV412 was dosed daily for 4 consecutive days. Trastuzumab was dosed one time each on days 26 and 29. The treated tissue recombinants were harvested at days 1 and 3 following the last dosing (days 30 and 32 after implantation, separately). The percent of apoptotic/necrotic area in the tissue recombinants was quantified by measuring active caspase-3-positive areas in each tumor outgrowth by using the National Institutes of Health ImageJ program (http:// rsb.info.nih.gov/ij/). knockdown of p53 transcription was achieved in 293T cells, and when normalized to infection efficiency, nearly 100% knockdown of p53 transcription was achieved in epithelial organoids through infection with these lentiviruses. In addition, nearly 100% knockdown of p53 transcription was achieved in both 293T cells and in epithelial organoids (given that only 50% of organoids were infected) through lentiviral system. Genomic DNA was extracted from tumor tissue and subjected to PCR with primer pairs specific for genomic fragment introduced by lentiviruses. Genomic DNA from normal human sample was used as control template. Primer pair specific for human ␤-actin was used as control primer.
(ii) Expression of genetic elements introduced through lentiviruses. RNA was extracted from tumor tissue and subjected to RT-PCR with primer pairs specific for the transcripts introduced by lentiviruses. RNA from primary HMECs was used as control template.
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Fig. S7.
Characterization of KRAS/p53R175H/CCND1/PIK3CA tissue recombinants reconstituted with organoids derived from 2 different patients: patient no. 1 (i-iii) and patient no. 2 (iv-vi). In this set of experiments, the KRAS/p53R175H/CCND1/PIK3CA tissue recombinants from patient no. 1 gave rise to well-to-moderately differentiated adenocarcinoma, whereas the KRAS/p53R175H/CCND1/PIK3CA tissue recombinants from patient no. 2 gave rise to various preneoplastic and malignant lesions, including DCIS and hyperplasia, as well as emergence of invasive carcinoma. Glands contained tumor growth patterns that resembled that of the cribriform subtype of human DCIS (iv), whereas other outgrowths predominantly appeared to be hyperplasia with focal areas of emerging invasive carcinoma (v and vi). Despite the greater variability of precursor lesions, emerging invasive carcinoma was observed in 95% (19 of 20) of the glands. 
